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PREFACE 

This  report  {locunienls  llic  results  of  USAFETAC  Project  900807,  "C-29A  AircrafuAltimetcr  Errors.”  The  analysts 
were  Mr  William  R.  Sehaub,  Jr.,  and  Major  Walter  F.  Miller,  USAFETAC/DNO. 

The  375lh  Miliutry  Airlift  Wing  (through  Dclachment  9,  17th  Weather  Squadron)  a.sked  USAFETAC  U)  investigate 
and  deserdw  the  weather  factors  that  cause  pressure  altimeter  errors  (departures  of  indieaied  aircraft  altitude  from 
true  altitude)  in  its  C-29A  flight  inspection  aircraft.  The  customer  al.so :a.skcd  for  estimates  of  the  magnitude  Of 
altimeter  error  for  typical  C-29A  missions  at  flight  levels  of  1,000,  1,500,  and  2,000  feel  ACL,  along  with  methods 
for  calculating  the  error  in  flight. 

In  this  study,  USAFETAC/DNO  provides  a  review  of  basic  altimetry  principles,  with  descriptions  of  typical 
atmospheric  phenomena  and  their  effects  on  pressure  surfaces.  The  hypsometric  equation,  which  relates  height  to 
pressure,  was  used  to  obtain  hourly  variations  in  U'uc  aircraft  attitude  during  C-29A  missions.  Differences  between 
true  and  indicated  altitude,  defined  as  "altimeter  errors,"  arc  given,  along  with  statistics  on  hourly  changes  in  surface 
temperature  and  altimeter  setting.  Finally,  a  method  for  calculating  altimeter  error  in  flight  is  provided. 

Although  the  results  arc  only  applicable  to  Scott  Air  Force  Ba.sc,  Illinois,  they  can  be  considered  generally 
representative  of  other  .stations  with  similar  field  elevations  in  the  midwestern  United  States.  USAFETAC  has  the 
ability  to  produce  climatological  altimeter  error  data  for  any  location  from  which  reprc.scntative  upper-air  and 
surface  observations  are  available. 
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1.  IMTRODUCTION 


1.1  Purpose.  The  customer  (375  MAW/DOM,  Scott  Air  Force  Base,  Illinois)  asked  USAFETAC  for  information 
on  the  physical  phenomena  that  cause  altimeter  errors.  As  used  here,  "altimeter  error"  is  defined  as  the  difference 
between  indicated  altitude  (as  shown  by  the  pressure  altimeter)  and  the  true  altitude.  Estimates  of  the  size  of  this 
error  during  a  typical  3-hour  C-29A  missiort  flown  at  1,000,  1,500,  and  2,000  feet  AGL  (above  ground  level)  arc 
given  in  appendices.  Scott  AFB  surface  observations,  along  with  Salem,  Illinois,  upper-air  data,  were  used  in  the 
procedure  described  by  Section  4  to  quantify  the  altimeter  errors. 

1.2  The  Problem:  Glide  Slope  Error.  The  C-29A,  acquired  by  the  Air  Force  in  1990  to  replace  the  Lockheed 
C-140  for  its  worldwide  navigational  aid  (navaid)  Bight  inspection  mission,  is  the  military  version  of  the  British 
Aerospace  125-800  twin-engine  business  jet.  During  a  typical  mission,  the  C-29A  uses  indicated  altitude  from  a 
precision  pressure  altimeter  and  triangulation  to  compute  die  elevation  angle  of  the  instrument  landing  .system  (ILS) 
glide  slope.  Small  errors  in  altitude  result  in  larger  errors  in  the  elevation  angle.  Glide  slope  width  is  also  measured 
at  0.35  degrees  above  and  below  the  glide  slope.  All  measurements  arc  made  at  fixed  indicated  altitudes  from  1 ,000 
to  2,500  feet  AGL.  As  the  aircraft  crossed  the  glide  slope  horizontally  several  times,  crews  found  that  measurements 
from  the  first  crossing  often  differed  from  those  made  during  subsequent  crossings.  The  problem  is  to  identify  the 
source  of  these  differences:  that  is,  were  they  caused  by  atmospheric  changes  and/or  insuiimcnt  drift,  or  were  they 
due  to  calibration  errors  in  the  navigation  aids? 


Flight  Level 


Figure  J.  ILS  Glide  Slope  Diagram.  During  a  C-29A  flight  inspection  of  the  ILS,  flight  level  is 
assumed  constant  at  a  height  (h)  between  1 ,000  and  2,500  feet.  Elevation  angle  0  =  arcian  (h/1). 


1.3  Altimeter  Settings.  The  C-29A  pressure  altimeter  is  set  to  field  elevation  before  takeoff.  Since  the  position 
estimation  system  on  the  aircraft  must  be  reinitialized  whenever  the  altimeter  setting  is  changed,  the  initial.aliimetcr 
setting  is  u.scd  throughout  the  entire  mi.ssion  unless  it  changes  by  0.03  inches  or  more. 

1.4  The  Effects  of  Using  a  Constant  Altimeter  Setting.  Typical  flight  inspection  missioas  arc  flown  from 
0900  to  120')  LST  (Local  Standard  Time)  and  from  1300  to  1600  LST.  Because  the  initial  altimeter  .setting  mast  be 
maintained  throughout  the  mission  (which  typically  lasts  for  several  hours),  indicatcd  altitudc  will  always  differ 
from  true  altitude  because  of  changes  in  the  atmosphere.  Atmospheric  pressure  is  a  function  of  temperature  and  air 
density;  changes  in  temperature  result  in  continual  changes  in  actual  aircraft  altitude. 
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1.5,  Report  Content.  Scclioii  2  is  ii  rcview  uf  Ixisic  iiliiiiictry  |)riiici|)lcs  :iiul  iiliiiosphcric  coiulilioiis  lliat  iilfccl 
prcs.surc.  Section  3  provides  u  brief  discu<>sion  of  tlic  wcadier  data  available  Ion  applied  studies  and  the  liiniuitions 
imposed  by  that  data.  Section  4  describes  the  methodology  developed  to  obtain  esUmates  of  true  altitude  changes 
with  time.  Results  are  presented  in  Section  5.  In  the  appendices,  altimeter  error  estimates  arc  provided  for  C-29A 
missions  at  Scott  AFB;  for  additional  infonnation,  hourly  surface  temperature  and  altimeter  changes  arc  included. 
A  procedure  for  determining  true  altitude  during  flight  is  aLsd  provided. 

1.6  Application  of  Results.  Since  temperature  and  pressure  variations  arc  dependent  on  climatic  region  and 
many  local  factors,  the  results  given  in  this  study  can  be  applied  to  the  Scott  AFB  area  only.  Although  the  data  may 
be  considered  generally  representative  of  stations  in  the  midwestem  Unjtcd  States  with  similar  field  clcvation.s,  it  is 
not  representative  of  any  other  area  of  the  U.S.  or  of  the  world. 
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2.4  Diurnal  Surface  Temperature  and  Altimeter  Setting  Variations.  Surface  tcmpcraiurcs  and  altimeter 
seuings  have  diumaj  variations;  they  both  have  a  maximum  and  a  minimum  during  a  normal  day.  Figure  3  shows 
plotted  m«m  daily  Scott  AFB  surface  temperatures  and  altimeter  settings  for  April.  Note  that  altimeter  .setting 
increases  as  evening  and  early  morning  cooling  increases  air  density  and  raises  pressure  near  the  surface.  It  falls  as 
late  morning  and  afternoon  surface  heating  decreases  the  density  and  lowers  pressure.  Since  the  altimeter  setting 
curve  represents  a  line  of  constant  field  elevau'on,  it  follows  that  when  the  altimeter  setting  increase,  the  true 
altitude  of  an  aircraft:  using  that  altimeter  setting  also  increases.  The  opposite  is  true  when  the  altimeter  setting 
decreases.  This  is  an^agous  to  the  situation  presented  in  Figure  2;  when  the  true  constant  pressure  surface  is 
elevated,  the  aircraft  is  higher  than  the  indicated  altitude,  and  vice  versa.  Since  diurnal  temperature  and  pressure 
variations  persist  from  the  surface  to  several  thousand  feet,  it  can  be  inferred  from  Figure  3  that,  on  the  average, 
C-29A  morning  missions  will  be  at  true  altitudes  higher  than  indicated  altitudes,  and  that  afternoon  missions  will  be 
at  true  altitudes  lower  than  indicated  alutudes.  The  results  discussed  in  Section  3  show  that  this  is,  in  fact,  the  case. 
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Figure  3.  Mean  Daily  Scott  AFB  Surface  Temperature  and  Altimeter  Setting  for  April.  Period  of  Record: 
1973-1988.  Temperature  is  represented  by  the  solid  line;  altimeter  setting,  by  the  dashed  line. 


2.5  Temperature  Inversions.  There  are  often  layers  in  the  atmosphere  in  which  the  tentperature  increases  with 
height  rather  than  decreasing  as  in  the  standard  atmosphere.  These  layers,  called  "temperature  inversions,"  may 
occur  anywhere  in  the  atmosphere.  A  vcru'cal  sketch  of  the  atmosphere  through  the  troposphere  (from  surface  to 
about  36,000  feet)  is  shown  in  Figure  4.  In  this  report,  the  di.scussion  of  inversioas  is  limited  to  the  lowest  3.000 
feet  of  the  atmosphere,  a  region  known  as  the  "planetary  boundary  layer,"  and  hereafter  referred  to  .simply  as  the 
"boundary  layer."  Although  there  are  several  situations  in  which  temperature  inversions  dcs-clop,  only  the  mast 
common  ones  arc  describ^  here.  The  important  things  to  remember  arc  that  inversions  cause  departures  from 
standard  temperature  lapse  rates  in  the  boundary  layer,  and  that  these  changes  affect  the  true  altitude  of  an  aircraft 
flying  through  the  boundary  layer. 
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Figure  4.  Vertical  Sketch  of  the  Atmosphere from  the  Surface  to  the  Top  of  the  Troposphere. 

2.5.1  Radiation  inversions.  A  common  temperature  inversion  in  the  boundary  layer  i.<;  the  'radiation 
inversion."  It  generally  forms  at  night,  when  skies  arc  clear  and  winds  arc  light.  As  the  earth  transmits  long-wa%c 
radiation  back  into  ^kicc,  the  canh’s  surface  cools  rapidly,  also  cooling  the  air  close  to  the  surface.  At  the  point 
where  surface  cooling  has  little  effect  on  the  atmosphere,  there  is  a  .sharp  return  to  the  prevailing  lapse  rate.  The 
layer  in  which  this  sharp  return  occurs  (the  inversion  laser)  is  markt^  by  increased  temperature  with  height 
Radiation  inversions  arc  asually  shallow;  they  dissipate  during  mid-moming  when  the  sun  heats  the  surface  and 
breaks  the  shallow,  cooled  Ia}er  next  to  the  surface.  As  dissipation  of  the  inversion  proceeds,  the  lapse  rate  in  the 
lower  boundary  layer  tends  back  toward  standard.  In  the  afternoon  on  fair  weather  days  with  little  or  no  clouds,  due 
to  solar  heating,  the  lapse  talc  exceeds  the  standard.  Rgurc  S  shows  the  tempetatute  lapse  talc  in  an  early  morning 
inversion  layer  (segment  BQ,  the  the  standard  lapse  rate  (segment  AD),  and  the  afternoon  lapse  rate  (segment  AE). 


Temperature  (“C)  - ► 

Figure  5.  Temperature  Ijipse  Rate  Comparisons.  The  early  morning  inversion  lapse  rate  Is  .shown 
in  segment  BC,  the  standard  lapse  rate  in  segment  AD,  and  the  afternoon  lapse  rate  in  .segment  AE. 
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2.5.2  Subsidence  Inversions.  Anoihcr  lypc  of  inversion  lluii  can  influence  the  tcinpcraliirc  lapse  rale  nettr  the 
surlacc  is  the  subsidence  inversion,  which  lorms  when  a  large  area  falls  under  the  inllucncc  of  high  pressure  and  lair 
weather.  Under  these  conditions,  air  aloft  sinks,  or  "subsides."  As  it  does,  the  subsiding  air  is  healed  by 
compression,  creating  a  layer  of  warm  air--ihe  inversion.  When  a  subsidence  inversion  penetrates  the  boundary 
layer,  it  may  strengthen  an  existing  radiation  inversion  and  result  in  stagnant  air  for  a  period  pf  several  days.  The 
result  is  haze,  with  visibilities  reduced  to  3-5  milc.s.  In  extreme  cases,  the  entire  depth  of  the  ooundary  layer  is 
characterized  by  increasing  temperature  with  height.  Examples  are  the  well-known  winter  inversions  in  SaItTLakc 
City  and  the  summer  inversions  in  Los  Angeles. 

2.5.3  Frontal  Inversions.  The  term  "front"  is  used  in  meteorology  to  describe  the  letiding  edge  of  an  air  mass 
who.se  temperature  and  density  values  arc  different  than  the  air  mass  it  is  replacing  or  overrunning.  There  arc  four 
types  of  fronls:  cold,  warm,  suitionary,  and  occluded.  When  a  cold  air  mass  advances  and  replaces  warmer  air,  its 
leading  edge  is  the  cold  front.  When  warm  air  replaces  colder  air,  Oic  leading  edge  is  a  warm  front.  When  a  cold  air 
mass  and  a  warm  air  mass  oppose  each  other  with  little  or  no  movement  on  either  side,  the  front  is  called 
"stationary."  The  "occluded  front"  develops  when  a  cold  front  overtakes  a  warm  front  and  forces  the  warmer  air 
aloft.  Frontal  inversions  develop  when  warmer  air  lies  over  crxrlcr  and  denser  air.  As  an  example.  Figure  6  shows 
an  idealizcu,  vertical  cross-section  through  a  front  in  die  boundary  layer.  The  ba.se  of  the  lomperaturc  inversion  is 
where  ine  temperature  lapse  rate  (the  dashed  line)  intersects  the  front.  The  lop  of  the  inversion  varies  depending  on 
the  vertical  extent  of  the  warm  air  mass.  Figure  7  .shows  the  same  cross-.section,  but  with  lines  of  constant  pressure 
added  to  demonstrate  the  effects  of  changing  vertical  temperature  on  pressure. 


Figure  6.  Idealized  Vertical  Cross-Section  through  a  Front  in  the  Boundary  iMyer.  The  top  and 
bottom  of  the  frontal  inversion  is  shown  in  the  temperature  lapse  rate  (dashed  line). 
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Pressure 


Figure  7.  Same  as  Figure  6,  but  with  Li.ies  of  Constant  Pressure  Added. 


2.6  Other  Effects.  In  addition  to  the  phenomena  already  mentioned,  there  are  other  conditions  that  can  change 
atmospheric  pressure.  For  example,  a  passing  afternoon  rain  showcrcan  cot)l  the  Iwundary  layer  vyhen  some  of  the 
raindrops  evaporate.  The  shower  can  also  transport  cooler  air  downward  from  above.  The  result  is  temporarily 
higher  pressure  until  the  temperature  lapse  rate  readjusts.  Rapid  formation  of  thunderstorms,  even  sevenil  miles 
from  the  airfield,  can  lower  pressure  in  the  boundary  layer  by  causing  a  mass  dcncit  when  low-level  air  is  drawn  into 
the  storm.  These  two  examples  of  small-.scalc  localized  phenomena  that  can  affect  pressure  lead  us  to  the  next 
.section  on  data  and  limitations  in  the  current  observing  network. 


3.  DATA  AND  DATA  LIMITATIONS; 


3.1  Observational  Data.  Surface  observations  are  available  from  virtually  every  major  airfield,  as  well  as  from 
many  other  locations.  The  upper-air  observing  network,  on  the  other  hand,  is  much  less  dense  across  the  United 
States-uppcr-air  reporting  stations  are  300  to  5(K)  nautical  miles  apart. 

3.2  Data  Limitations.  Although  surface  observations  arc  made  at  least  houriy,  upper-air  observaiidns  are  only 
made  twice  a  day;  typically,  at  0000  and  120()Z.  With  only  two  vertical  .soundings  a  day,  it’s  ^sy  to  sec  that 
changes  in  temperature  and  pressure  in  the  boundary  layer  over  a  given  location  can  go  undetected  between 
soundings.  As  a  rule,  the  smaller  the  phenomenon  and  the  shorter  its  duration,  the  morc  likely  it  w|ll  escape 
detection.  Unfortunately,  most  inversions,  fronts,  and  rainshowers  fall  into  this  category. 

3.3  The  Effects  of  Data  Limitations  on  the  Study.  For  the  purposes  of  this  study,  hourly  surface  weather 
observations  for  Scott  Air  Force  Base  (38“  .f3’  N,  89°  51’  W,  Field  elevation  453  feet)  were  .sufllcient  to  describe 
changes  of  pressure  and  temperature  with  time.  To  de.scril)c  the  vertical  temperature  structure  of  the  boundary  layer 
over  Scott,  we  used  upper-air  observations  from  Salem,  Illinois  (38°  39’  N,  88°  58’  W,  elevation  571  feet),  a  station 
41  miles  cast-northeast  of  Scott.  Since  .sounding  times  were  12  hours  apart,  we  used  a  technique  for  estimating 
hourly  upper-air  temperatures;  it  is  described  in  Section  4.  Bccau.se  of  data  limitations  and  the  fact  that  this  study 
provides  a  climatology,  or  history,  over  a  considerable  perkKl,  it  was  not  po.ssible  to  isolate  the  cffecLs  of  individual 
inversions,  fronts,  and  other  phenomena. 


4.  METHODOLOGY. 


4.1  Procedures.  To  obtain  representative  values  of  altimeter  errors  for  Scott  AFB,  we  used  hourly  surface 
weather  data  (temperature,  dew-point  temperature,  station  pressure,  and  altimeter  setting)  for  Scott  and  1200Z 
upper-air  data  (temperature  and,  '-w  point)  from  Salem.  The  period  of  record  was  January  1 973  through  December 
1988.  The  upper-air  data  was  interpolated  to  100-foot  intervals  up  to  3,000  feet  AGL  to  provide  maximum  vertical 
resolution  for  calculating  mean  temperatures  for  several  layers  from  surface  to  flight  level.  Conventional 
atmospheric  pressure,  temperature,  and  height  relationships  wei?  u-sed  to  calculate  hourly  changes  in  true  altitude. 
The  hypsometric  equation  shown  below  was  used  to  determine  u-ue  altitude  for  each  hour  of  two  typical  C-29A 
missions:  0900  to  1200  LSTand  1300  to  1600  LST.  The  hypsometric  equation  is  given  by 

Rf 

gilnpi-lnpi) 


where 

Zj  =  height  of  top  of  layer  (meters) 

Zy  =  height  of  bottom  of  layer  (meters) 

T  =  mean  temperature  of  the  layer  (K) 

Pi  =  pressure  at  bottom  of  layer  (mb) 

P2  =  pressure  at  top  of  layer  (mb) 

R  =  gas  constant  for  dry  air  (mVsec^/K) 
g  =  acceleration  due  to  gravity  (m/sec^) 

The  altimeter  error  was  calculated  as  the  difference  between  true  and  indicated  altitude  (initial  flight  level  1,000, 
1,500,  and  2,000  feel).  For  additional  information,  calculations  of  hourly  surface  temperature  and  altimeter  changes 
were  included. 


4.2  Calculations  of  Initial  Pressure  at  Flight  Level.  Before  actual  calculations  of  altimeter  error,  it  was 
necessary  to  determine  inilial  prcssurc  at  the  three  requested  flight  levels  (1,000,  1,500,  and  2,000  feel).  The  initial 
pressure  level  attained  after  takeoff  and  held  constant  throughout  the  mission  was  determined  from  Equation  1, 
rewritten  as  follows: 


where 


Pac  ~PsJc  ^ 


(2) 


Pac  ~  constant  pressure  level  aircraft  is  flying  (mb) 

Psfc  ~  surface  pressure  (mb) 

g  =  acceleration  due  to  gravity  (9.8  m/scc^) 
h  =  height  of  aircraft  above  ground  (meters) 

T  =  mean  temperature  of  the  layer  from  the  ground  to  flight  level  (K) 

R  =  gas  constant  for  dry  air  (287  m^/scc^/K) 

To  obtain  T  for  the  layer  from  surface  to  flight  level  for  use  in  Equation  2,  the  standard  lapse  rale  (-0.0065°C/m) 
was  assumed,  and  T  was  obtained  from 


T  =  Tsfc-.m5h 


(3) 


where  is  the  observed  surface  temperature  kelvin. 
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4.3  Estimation  of  Upper-Air  Temperature.  The  procedure  described  in  4.2  gave  values  of  the  initial  pressure 
level  (Pg)  for  three  predetermined  initial  flight  levels  (indicated  altitude.s)  under  standard  atmospheric  conditions. 
To  calculate  true  altitude  for  the  initial  takeoff  times  and  for  each  hour  of  the  mission,  the  upper-air  temperature  data 
was  used  to  determine  the  mean  layer  temperature.  For  greater  accuracy,  and  since  virtual  temperature  accounus  for 
an  atmosphere  with  moisture,  the  upper-air  dew-point  temperatures  were  used  to  convert  upper-air  temperatures  to 
virtual  temperature. 

4.3.1  The  Dry  Adiabatic  Lapse  Rate  Explained.  To  obtain  Values  of  metin  virtual  temperature  for  each  hour 
of  a  mission,  we  used  a  procedure  to  estimate  upper-air  temperatures  for  the  hours  following  the  upper-air 
observation  time  (0600  LST).  To  explain  that  procedure,  we  have  to  inUoduce  the  conceptof  the  dry-adiabatic  lap.se 
rate.  In  an  adiabatic  process,  there  is  no  heat  exchange  between  an  air  parcel  and  its  environment.  A.ssuming  that 
the  vertical  variation  of  temperature  in  a  dry  atmosphere  equals  the  variation  of  the  temperature  of  a  dry  air  parcel 
that  is  expanded  adiabatically  starting  from  the  same  initial  point,  the  dry-adiabatic  lapse  rate  is  equal  to 
-0.0098°C/meter.  In  this  study,  the  initial  point  for  an  air  parccl  is  the  surface,  and  its  temperature  is  the  observed 
hourly  .surface  temperature  for  Scott  AFB.  The  rationale  for  using  this  method  is  this:  As  the  earth’s  surface  is 
heated  during  the  day,  temperatures  in  the  lower  portions  of  the  atmosphere,  as  a  whole,  decrease  with  height  at  the 
dry-adabatic  Iap.se  rate. 

4.3.2  Adjusting  the  Sounding.  As  an  example,  for  an  0900  LST  takeoff  at  Scott,  the  09(K)  LST  surface 
temperature  is  decreased  dry-adiabatically.  If  the  dry-adiabatic  temperature  for  a  level  is  warmer  than  the 
temperature  observed  on  the  1200Z  (0600  LST)  sounding,  then  that  temperature  is  u.scd  in  calculating  the  mean. 
Othcrwi.se,  the  observed  upper-air  temperature  is  u.sed.  The  .sounding  is  effectively  adjusted.  Temperatures  arc 
estimated  at  the  100-foot  levels  between  the  surface  and  the  point  at  which  the  dry-adiabatic  lapse  rate  intersects  the 
original  sounding.  The  portion  of  the  sounding  above  the  intersection  point  is  assumed  to  be  unchanged.  The 
iterative  process  is  demonstrated  in  Figure  8.  The  temperatures  were  used  to  determine  the  mean  virtual  temperature 
in  the  atmo.spheric  layer  between  the  surface  and  the  aircraft  by  averaging  the  mean  virtual  temperatures  in  ctich 
100-foot  layer  from  the  surface  to  the  aircraft’s  con.stant/7^  surface. 


Figure  8.  Illustrative  Example  of  the  Iterative  Process  to  Adjust  the  0600 1ST  Sounding.  In  (a),  the  06(K)  LST 
surface  temperature  (To^)  is  replaced  by  the  0900  LST  surface  teinpefature  (T,,,). which  is  dccrctiscd  dry-adiabatically 
(dashed  line)  until  it  intersects  the  original  sounding.  The  resultant  sounding  adjusted  for  09(X)  LST  is  shown  in  (b). 
The  proce.ss  is  repeated  in  (c)  using  the  KXX)  LST  surface  temperature  (T,p)  to  obtain  the  sounding  adjusted  for  KXX) 
LST  shown  in  (d). 
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4.4  True  Altitude  Calculations.  Since  ihcriniiial  altimclcr  selling  is  necessarily  held  constant  during  C-29A 
missions,  the  aircraft’s  true  altitude  and  indicated  altitude  will  differ  due  to  nonstandard  atmospheric  conditions. 
The  aircraft  will,  however,  remain  at  the  same  pressure  level.  To  obtain  an  estimate  of  true  aircraft  altitude  for  each 
hour  of  a  mission,  Equ.^tion  1  was  used,  as  follows: 


hac.  ~ 


(4) 


where 

=  U-ue  altitude  (meters) 

=  mean  virtual  temperature  of  the  layer  (K)  from  surface  to  flight  level 


4.5  Calculations  of  Altimeter  Errors  and  Other  Statistics.  The  altimeter  error  for  each  hour  of  a  mission 
was  calculated  as  the  difference  between  true  altitude  and  indicated  altitude.  The  mean  and  maximum  errors  were 
calculated  for  all  months  for  each  of  three  flight  levels:  1,(X)0, 1,5(X),  and  2,(XX)  feel.  Absolute  values  of  the  mean 
errors  were  determined  to  show  the  net  overall  errors  with  negative  values  treated  as  if  they  were  positive.  Also, 
absolute  values  of  the  maximum  errors  were  determined.  If  the  absolute  maximum  error  value  exceeded  that  of  a 
particular  maximum  error  value,  the  absolute  maximum  error  was  negative.  Similar  statistics  were  calculated  for 
hourly  temperature  and  altimeter  changes  as  additional  information  for  the  customer. 
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5.  RESULTS  AND  CONCLUSIONS 


5.1  Statistics.  Monthly  statistics  for  Scott  AFB  (based  on  a  January  1973  through  December  .J988  period  of 
record)  for  C-29A  mission  times  of  0900-1200  LST  and  1300-1600  LST,  are  giveti  in  the  appendices.  Mean, 
maximum,  absolute  mean,  and  ab.solute  maximum  values  of  the  following  variables  are  given: 

TEMPCHG  Hourly  changes  (current  temperature  minus  takcoff  temp-erature)  in  °C. 

TEMPABS  Absolute  values  ofhourly  temperature  changes  in  °C. 

ALSTGCHG  Hourly  changes  (current  altimeter  minus  takeoff  altimeter)  in  lOOths  of  inches  of  mercury. 

ALSTGABS  Absolute  values  of  hourly  altimeter  changes  in  lOOths  of  inches  of  mercury. 

HGTERROR  Hourly  altimeter  errors  (true  altitude  minus  indicated  altitude)  in  feet. 

HGTER  ABS  Absolute  values  of  hourly  altimeter  errors  in  feet. 

Statistics  for  flight  levels  (indicated  altitudes)  of  1,000, 1,500,  and  2,000  feet  arc  given  in  Appendices  A,  B,  and  C, 
respectively. 

5.2  Comments  on  Statistics.  By  way  of  data  interpretation.  Figures  9  and  10  show  statistics  for  a  1,000-foot 
flight  level  for  January  and  July  0900-1200  LST  and  1300-1600  LST  missions,  respectively.  January  was  cho.sen 
because  it  represents  the  climatologically  coldest  month  for  Scott  AFB,  while  (uly  represents  the  warmest  month. 
Furthermore,  January  has  more  temperature  variation  in  the  lower  atmosphere  due  to  frontal  activity  than  July. 
Generally  speaking,  the  most  drastic  altimeter  errors  occur  in  the  colder  months; 

5.2.1  Before  discussing  the  figures,  it  is  important  to  note  that  all  absolute  me  .»J5,  values  are  greater  than  the  mean 
values  because  the  calculation  of  absolute  mean  values  treats  observed  negative  values  as  positive.  Also,  all 
maximum  values  represent  the  largest  positive  values  observed.  But  some  negative  values  did  occur.  For  example, 
given  a  maximum  altimeter  setting  of  0.13  inch,  a  negative  value  as  low  as  -0.13  would  not  be  shown.  However,  if 
the  absolute  maximum  value  exceeds  the  maximum  value,  it  means  that  a  negative  value  greater  than  the  largc.st 
positive  value  had  occurred.  As  an  example,  if  a  maximum  altimeter  error  of  81.5  feet  is  .shown  along  with  an 
absolute  maximum  error  of  153.4  feet,  it  means  that  the  extreme  errors  ranged  from  81.5  feet  above  the  indicated 
altitude  to  153.4  feet  below. 

5.2.2  In  Figure  9,  the  temperature  change  statistics  for  each  month  arc  similar,  reflecting  an  orderly  increase  in 
morning  temperatures.  The  mean  altimeter  setting  changes  for  each  month  arc  similar,  but  the  January  maximums 
far  exceed  those  for  July;  c.g.,  maximum  and  absolute  maximum  altimeter  changes  of  0.25  inches  by  1200  LST  in 
January  versus  .06  and  .18  inches  for  the  same  time  in  July.  Mean  altimi^  ■  “Tors  are  also  more  erratic  in  January 
than  in  July.  January  maximum  altimeter  errors  far  exceed  tho.se  for  July;  tlie  .rs  ''lU  u  .s  251  feet  by  1200 
LST  in  January  compared  to  a  maximum  error  of  81.5  feet  by  the  same  time  in  J."-  /he  absolute  values  of  mean 
and  maximum  altimeter  errors  are  also  greater  in  January  than  in  July. 

5.2.3  For  an  afternoon  mission.  Figure  10  shows  that  the  temperature  changc  statistics  arc  again  similar  for  ctich 
month.  The  mean  altimeter  setting  changes  arc  negative,  since  altimeter  setting  values  decrease  during  the 
afternoon.  Larger  negative  changes  occur  in  July  bccau.se  of  the  v  armer  tcmpcratur&s.  Mean  altimeter  errors, 
although  negative  in  both  months,  arc  hirgcr  in  July-again  due  to  warmer  temperatures.  As  with  morning  mi.ssions, 
tlic  January  maximum  valuc.s  of  altimeter  setting  changes  exceed  thoscTor  July;  c.g.,  maximum  and  absolute 
maximum  altimeter  changes  of  0.32;  inches:  by  1600  LST  in  January  v.s.  0.15  inches  in  July.  Also,  the  January 
maximum  and  absolute  maximum  values  of  altimeter  errors  arc  almost  double  tliosc  for  July. 
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Figure  10.  Same  as  Figure  9,  but  for  a  1300-1600  LST  Mission 


5.2.4  In  comparing  ihc  allimelcr  error  informalion  given  by  these  llgures,  the  fpilov/ing  general  sialements  about 
mean  and  extreme  altimeter  errors  can  be  made  about  a  typical  C-29A  mission  at  Scott  AFB  at  1,000  feet: 

•During  morning  missions,  mean  altimeter  errors  are  normally  about  15  feet,  dropping  to  near  zero  or 
about  -10  feet  later  in  the  mission.  Extreme  altimeter  errors  of  more  than  ±200  feet  arc  possible  in 
colder  months,  with  errors  of  more  than  ±50  feet  likely  in  the  warmer  months. 

■During  afternoon  missions,  mean  altimeter  errors  just  after  takeoff  are  normally  about  5  to  10  feet, 
decreasing  to  about  -10  feet  later  in  the  mission  in  colder  months,  and  to  about  -25  feet  in  the  warmer 
months.  Extreme  altimeter  errors  approaching  ±300  feet  are  possible  in  colder  months,  with  errors  of 
more  than  ±100  feet  likely  in  warmer  months. 

•Inspection  of  altimeter  error  statistics  for  flight  levels  of  1,500  and  2,000  feet  showed  that  mean 
altimeter  errors  increase  with  higher  flight  levels  on  morning  and  afternoon  nrissions  in  all  months.  The 
increases  arc  small  (less  than  5  percent),  and  increases  of  extreme  errors  are  only  slight. 


5.3  Ih-Flight  Determination  of  True  Altitude.  C-29A  crews  can.u.se  an  abbreviated  version  of  the  method 
shown  in  Section  4  to  estimate  the  altimeter  error  at  any  time  during  a  mission.  Upon  reaching  working  flight  level, 
the  constant  pressure  level  is  obtained  from  Equations  2  and  3.  During  the  mi.ssion.  Equation  4  is  user!  to  estimate 
true  altitude.  As  input  to  Equation  4,  T„  is  approximated  liy  iakin;'.  he  average  of  the  current  surface  temperature 
(K)  and  the  observed  ouLside  air  temperature  (K)  at  flight  level,  is  the  observed. surface  pre.ssure  (mb).  The 

altimeter  error  is  obtained  by  subtracting  indicated  altitude  from  true  altitude. 


6.  SUMMARY 


6.1  The  Problem.  This  study  addressed  the  problem  of  ailimcicr  errors  (deviations  of  indicated  from  true 
altitude)  experienced  by  C-29A  crews  during  flight  inspection  missions.  Since  these  missions  are  flown  with  a 
constant  altimeter  setting,  aunospherje  changes  affect  true  altitude  and  result  in  glide  slope  elevation  angle  and  width 
errors. 


6.2  Review  of  Basics.  Basic  altimetry  principles  were  discussed,  including  the  effects  of  nonstandard 
atmospheric  temperature  and  pressure  conditions  on  true  aircraft  altitude.  As  examples  of  atmospheric  phenomena 
that  cause  temperature  and  pressure  variations,  temperature  inversions  and  fronts  were  de.scribed.  Some  examples 
of  small-scale,  short-lived  phenomena  tliat  cause  pres..ute  changes  were  given,  followed  by  a  .section  on  weather  data 
limitations  in  the  upper-air  observing  network. 

6.3  Method.  To  obtain  estimates  of  the  altimeter  error,  surface  temperature,  dew-point  temperature,  and  station 
pressure  for  Scott  AFB  were  merged  with  upper-air  temperature  and  dew-point  data  for  Salem,  Illinois  (period  of 
record  January  1973-Deccmbcr  1988)  and  used  as  input  to  the  hypsometric  equation.  Monthly  statistics  on  altimeter 
errors  were  calculated  for  morning  and  afternoon  C-29A  missions  at  flight  levels  of  1,000,  1,5(X),  and  2,000  feet. 
Statistics  were  also  included  on  hourly  surface  temperature  and  altimeter  changes. 

6.4  Results.  The  study  showed  that  the  mean  altimeter  error  over  Scott  AFB  at  flight  level  1 ,0(K)  feet  was  similar 
for  morning  missions  in  both  cold  and  warm  months,  ranging  from  a  value  of  15  feet  early  in  the  mission  to  -10  feet 
at  the  end  of  the  mi.ssion.  Extreme  altimeter  errors  for  morning  missions  were  in  excess  of  ±200  feet  for  the  cold 
months,  and  more  than  ±50  feet  for  the  warm  months.  For  afternoon  missions,  the  mean  altimeter  error  for  cold  and 
warm  months  was  5  to  10  feet  early  in.tlie  mission,  dropping  to  -10  feet  in  cold  months  and  -25  feet  in  warm 
months.  The  extreme  altimeter  errors  were  larger  for  afternoon  missions,  approaching  ±300  feet  in  the  cold  months 
and  more  than  ±100  feet  in  the  warm  months.  For  all  months,  the  altimeter  error  statistics  for  flight  levels  1,.5(X)  and 
2,000  feet  showed  that  mean  errors  incrca.scd  by  lo.ss  than  5  percent  at  higher  levels  for  morning  and  afternoon 
mi.ssions.  Extreme  altimeter  errors  increased  only  slightly  at  higher  flight  levels. 

6.5.  Application.  The  results  given  in  this  study  only  apply  to  Scott  AFB,  IL.  Although  they  may  be  considered 
generally  representative  of  locations  with  similar  field  elevations  in  the  midwestem  United  States,  they  are  not 
representative  of  any  other  locations.  USAFETAC  has  the  capability  to  produce  more  studies  like  this  one,  provided 
sufficient  observational  data  is  available. 
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Figure  A-1  Januar/-June  Statistics  for  I.OOO-foot  Flight  Level,  Scott  AFB. 
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Figure  A-3  January-June  Statistics  for  1,000-foot  Right  Level,  Scott  AFB. 
Takeoff  1300Z  (1300L),  Landing  2200Z  (1600L) 
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APPENDIX  A  FLIGHT  LEVEL  1 ,000  FEET 
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Figure  A-4  July-December  Statistics  for  1 ,000-foot  Flight  Level,  Scott  AFB. 
Takeoff  1900Z  (1?00L),  Landing  220pz  (1600L) 
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APPENDIX  B  FLIGHT  LEVEL  1 ,500  FEET 

TEH"CHG  CURRENT  MINUS  TAKEOFF  TEMPERATURE  IN  C 
TEMPABS  ABSOLUTE  VALUE  OF  THE  TEMPERATURE  CHANGE  IN  C 
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HGTERROR  TRUE  MINUS  INDIcL  .  -ALTITUDE  IN  FEET 
HGTERABS  ABSOLUTE  VALUE  OF  .ilTITUDE  ERROR  IN  FEET 
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Figure  B-1  January-June  Statistics  for  1,500-fo6t  Flight  Level,  Scott  AFB. 
Takeoff  15P0Z  (0900L),  Landing  1800Z  (1200L) 
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APPENDIX  B  FLIGHT  LEVEL  1 ,500  FEET 

TEMPCHG  CURRENT  MINUS  TAKEOFF  TEMPERATURE  IN  C 
TEMPABS  ABSOLUTE  VALUE  OF  THE,  TEMPERATURE  CHANGE  IN  C 
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HGTERABS  ABSOLUTE  VALUE  OF  ALTITUDE  ERROR  IN  FEET 
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Figure  B-2  July-December  Statistics  for  1,500-foot  Flight  Level,  Scott  AFB; 
Takeoff  1500Z  (0900L),  Landing  1800Z  (1200L} 
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APPENDIX  B  FLIGHT  LEVEL  1 ,500  FEET 

TEMPCHG  CURRENT  MINUS  TAKEOFF  TEMPERATURE  IN  C- 
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Figure  B-3  January- June  Statistics  for  1,500-foot  Flight  Level,  Scott  AFB. 
Takeoff  1900Z  (1300L),  Landing  2200Z  (1600L) 
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APPENDIX  B  FLIGHT  LEVEL  1 ,500  FEET 

TEMPCHG  CURRENT  MINUS  TAKEOFF  TEMPERATURE  IN  C 
TEMPABS  ABSOLUTE  VALUE  OF  THE  TEMPERATURE  CHANGE  IN  C 
ALSTGCHG  CURRENT  MINUS  TAKEOFF  ALTIMETER  (100TH  IN  HG) 
ALSTGABS  ABSOLUTE  VALUE  OF  ALSTG  CHANGE  (100TH  IN  HG) 
HGTERROR  TRUE  MINUS  INDICATED  ALTITUDE  IN  FEET 
HGTERA3S  ABSOLUTE  VALUE  OF  ALTITUDE  ERROR  IN  FEET 
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Figure  B-4  July-December  Statistics  for  1,500-foot  FJjght  Level,  Scott  AFB, 
Takeoff  1900Z  (1300L),  Landing  2200Z  (1600L) 
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APPENDIX  C  FLIGHT  LEVEL  2,000  FEET 

TEMPCHG  CURRENT  MINUS  TAKEOFF  TEMPERATURE  IN  C 
TEMPABS  ABSOLUTE  VALUE  OF  THE  TEMPERATURE  CHANGE  IN  C 
ALSTGCHG  CURRENT  MINUS  TAKEOFF  ALTIMETER  (100TH  IN= HG) 
ALSTGABS  ABSOLUTE  VALUE  OF  ALSTG  CHANGE  ( 100TH  IN  HG) 
HGTERROR  TRUE  MINUS  INDICATED  ALTITUDE  IN  FEET 
HGTERABS  ABSOLUTE  VALUE  OF  ALTITUDE  ERROR  IN  FEET 
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Figure  C-1  Jahuary-June  Statistics  for  2,000-foot  Flight  Level,  Scott  AFB. 
Takeoff  1300Z  (0900L),  Landing  1800Z  (i200L) 
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APPENDIX  C  FLIGHT  LEVEL  2,000  FEET 

TEMPCHG  CURRENT  MINUS  TAKEOFF  TEMPERATURE  IN  C 
TEMPABS  ABSOLUTE  VALUE  OF  THE  TEMPERATURE  CHANGE  IN  C' 
ALSTGCHG  CURRENT  MINUS  TAKEOFF  ALTIMETER'  (100TH  IN  HG) 
ALSTGABS  ABSOLUTE  VALUE  OF  ALSTG  CHANGE  (100TH  IN  HG) 
HGTERROR  TRUE  MINUS  INDICATED  ALTITUDE  IN  FEET 
HGTERABS  ABSOLUTE  VALUE  OF  ALTITUDE  ERROR  IN  FEET 
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Figure  C-2  July-December  Statistics  for  2,000-foot  Flight  Level,  Scott  AFB. 
Takeoff  1500Z  (0900L),  Landing  1800Z  (1200L) 


26 


APPENDIX  C  FLIGHT  LEVEL  2,000  FEET 
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Figure  C-3  JanuaryrJune  Statistics  for  2,000-foot  Flight  Level,  Scott  AFB. 
Takeoff  1900Z  (1300L),  Landing  2200Z  (leooL) 
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Figure  C-4  July-December  Statistics  for  2,000-foot  Flight  Level,  Scott  AFB. 
Takeoff  1900Z  (1300L),  Landing  2200Z  (1600L) 
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